A newly developed, linear baroclinic model (LBM) and its application to the tropical ENSO teleconnection is described. The model, based on primitive equations linearized about the observed, zonally varying basic state in northern winter, involves linear schemes for the cumulus convection, and surface sensible and latent heat fluxes, referred to as the moist LBM. This enables us to solve a steady-state response of the coupled dynamicalconvective system to a given SST anomaly, which is fairly different from the conventional dry LBM. Linear representation of the convection is acceptable for a realistic range of SST anomalies, reproducing well the Rossby wave train computed in the conventional LBM forced by a tropical heating.
Introduction
It is widely known that El Niño-Southern Oscillation (ENSO), the most prominent natural climate variability on interannual timescales, has a significant impact on the global atmosphere. One of the ENSO influences is apparent over the North Pacific where a wavy geopotential height anomaly pattern that resembles the Pacific-North American (PNA) teleconnection dominates during El Niño and La Niña years (Horel and Wallace 1981) . ENSO is found to modulate the monsoon activity over Asian regions as well (Webster et al. 1998 , and references therein).
So far, anomalous atmospheric circulation associated with El Niño has often been discussed in terms of forced steady responses to the diabatic heating anomaly induced by the enhanced convections over the centraleastern Pacific. Hoskins and Karoly (1981) first demonstrated that the PNA-like height anomaly is inter-preted as a Rossby wave train excited by the tropical heating although several papers later pointed out that other factors in the midlatitudes, such as a feedback from transient disturbances (Held et al. 1989; Hoerling and Ting 1994) and zonal inhomogeniety in the time mean flow (Branstator 1985) , appear to have roles in forming the PNA pattern that are as important as the heating in the Tropics. On the other hand, Nigam (1994) showed that the El Niño heating over the tropical regions regulates low-level westerly flow; hence, it affects the intensity of the Asian monsoon in the subsequent season.
Many of the studies cited above have utilized a linear baroclinic model (LBM) to obtain the steady atmospheric response to a prescribed heating. Those studies show that the LBM is a useful tool to diagnose how the atmosphere dynamically reacts to convective heating that is fixed in both space and time. However, cumulus convections generating the anomalous heat source are in reality coupled with the circulation and they can interact with the large-scale dynamics. When a convection anomaly excites an anomalous atmospheric circulation that has a much larger scale than the heating, an ad-VOLUME 16 J O U R N A L O F C L I M A T E ditional convection anomaly in response to the circulation response may occur in a remote region and in turn force the atmosphere. Such a process is especially likely to happen in the Tropics, therefore, a question that we raise here is does the steady atmospheric response under the coupling with interacting diabatic processes differ from the response pattern determined by uncoupled, prescribed heating? Furthermore, if it does differ, how? Motivated by these questions, we describe an attempt to obtain forced steady responses of the coupled dynamical-convective system using the LBM.
Free modes in the dynamical-convective system have been extensively investigated in a framework of the conditional instability of the second kind (CISK). In particular, many efforts have been made to extract unstable modes that arise from a feedback between convective heating and the low-level convergence associated with tropical waves, called wave-CISK (e.g., Yamasaki 1969; Hayashi 1970; Lindzen 1974; Stevens and Lindzen 1978) . While these modes are relatively sensitive to the choice of cumulus parameterization and even stabilized with some schemes (Stark 1976; Crum and Stevens 1983; Brown and Bretherton 1995) , they are proposed as a possible mechanism for the tropical intraseasonal oscillations (Lau and Peng 1987; Chang and Lim 1988; Sui and Lau 1989) . As mentioned before, however, these studies mainly focused on how to obtain modal solutions with relatively simplified (e.g., twodimensional model, equatorial ␤ plane, and idealized basic states) conditions. On the other hand, the present study examines forced solutions in more realistic, threedimensional states. In the first half of this paper, we detail the numerical model and compare results of the LBM including moist diabatic processes, referred to as the moist LBM, with those of the conventional LBM. Then an application of the moist LBM computations is presented in the latter half, which is aimed at further understanding the teleconnection associated with ENSO as explained below.
During the mature phase of El Niño, the sea level pressure field shows large positive anomalies over the western subtropical Pacific, which last into the spring (Harrison and Larkin 1996) . Wang et al. (2000, hereafter WWF) also showed that an anomalous anticyclonic circulation near the Philippines, which is associated with the positive sea level pressure anomalies and is confined to the lower troposphere, rapidly develops during the autumn prior to the mature El Niño. This anticyclonic anomaly counteracts the northerly wind of the Asian winter monsoon and supplies more water vapor from the south, hence, it contributes to wet and mild conditions over East Asia. WWF further carried out atmospheric general circulation model (AGCM) experiments that suggest that the Philippine Sea anticyclone is forced by suppressed convective heating over the Maritime Continent while being maintained through the positive wind-evaporation feedback with in situ sea surface cooling. The moist LBM that we have developed is applied to verify WWF's hypothesis by solving coupled dynamical-convective responses to sea surface temperature (SST) anomalies associated with El Niño. We found that some results are fairly consistent with WWF; for example, the Philippine Sea anticyclone was excited by the suppressed convection over the Maritime Continent. However, it was also shown that the weakening of convection results from a modest warming in the Indian Ocean SST, in addition to the strong El Niño SST anomaly in the central-eastern Pacific. A delayed warming of the Indian Ocean SST appears to be responsible for the rapid development of the anomalous anticyclone near the Philippines. This paper is organized as follows. In section 2, LBM and moist processes involved are described. A forced response in the moist LBM is compared with the conventional LBM response and observations in section 3, in order to validate the model formulation. Section 4 gives physical insight into the mechanism of suppressed convections and associated anticyclonic circulation over the western tropical Pacific based on results of the moist LBM experiments, followed by some observational data analyses presented in section 5. The finding obtained in this study is summarized and further discussed in section 6, with several remarks noted in the same section.
Model description a. Linear baroclinic model
The LBM used in this study is based on primitive equations exactly linearized about a basic state (see Watanabe and Kimoto 2000, 2001 , for mathematical expressions). The model variables, consisting of vorticity (), divergence (D), temperature (T), and logarithm of surface pressure (), are horizontally represented by spherical harmonics having the resolution of T21 while vertically discretized using a finite difference to 20 levels, in which five layers reside below ϭ 0.8. In most computations presented in this article the basic state is adopted from the zonally varying, winter (December-January-February) climatology of the National Centers for Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR) reanalysis. The model also includes three dissipation terms: a biharmonic horizontal diffusion with the damping timescale of 1 day for the smallest wave, very weak vertical diffusion (damping timescale of 1000 days) to remove a vertical noise arising from finite difference, and the Newtonian damping and Rayleigh friction as represented by a linear drag, which has a timescale of 1 day applied only to the lower boundary layers ( Ն 0.9) and the uppermost two levels ( Յ 0.03).
The linear model described above can be solved with an externally imposed forcing, referred to as the dry LBM, which provides a steady state of the perturbation defined as ( · )Ј through adiabatic processes. As mentioned in the introduction, we are going to develop the culated. In the following sections the detail of linear parameterizations for these diabatic terms is described, then a general expression for the steady forced problem in the moist LBM is presented.
b. Cumulus convection and surface fluxes
In the moist LBM, diabatic terms are given to the right-hand side of the temperature and moisture equations as 
q c c They are based on a relaxed convective adjustment proposed by Betts (1986) and Betts and Miller (1986) , further referring to a linearization by Neelin and Yu (1994) . When cumulus convection occurs, temperature and specific humidity perturbations are restored to reference profiles and with an adjustment time c .
TЈ qЈ c c
The timescale of the adjustment basically follows the lifetime of convective clouds, here set at 2 h as in Betts (1986) . Here ⌬ denotes a correction term that ensures TЈ c the enthalpy conservation while e c indicates the socalled convective efficiency introduced in this study.
The convective adjustment is applied between the top of the PBL, b , and the cloud top t . The value of b is fixed in space at 0.98 while t is defined by the level where the cloud parcel rising from the boundary layer loses buoyancy.
Reference profiles and may be expressed in c TЈ ϭ AhЈ, A and B, are prescribed and obtained in a slightly different manner from Neelin and Yu (1994) . In the original scheme the reference profiles are determined by an iterative computation starting from the observed structure as initial T c and q c (Betts 1986 ). The final profile does not necessarily follow the moist adiabat, but is close to it, as justified by Manabe and Strickler (1964) . Therefore, we simply assume the cloud parcel is rising while preserving the moist adiabatic character from the PBL, leading to the following equation satisfied for at any TЈ c level between b and t : PBL while is a perturbation of saturated specific huqЈ s midity defined as
The geopotential in Eq. (5) is replaced by temperature such as ϭ c p dln, and substituting it and
Eqs. (3) and (6) into Eq. (5) yields a relationship between A and ␥. After some manipulation we obtain an analytical form of A (cf. Yu and Neelin 1994) :
The moist adiabat assumption also leads to a saturated condition 
Examples of A and B are displayed in Fig. 1 by means of , they must satisfy an energy constraint hЈ b of the heating balanced by the moisture sink at each column: where ͗ · ͘ means a vertical average between the cloud base and top. In nature, deep cumulus convection only occurs where the environment provides sufficient buoyancy to the cloud parcel, which is measured either by CAPE or the cloud work function. In the original Betts (1986) scheme, such a constraint has not been explicitly included although t reflects the basic-state CAPE. Therefore, the convective efficiency e c , which represents the constraint from the basic-state CAPE, is multiplied in Eqs.
(1)-(2) according to the definition
where indicates a basic-state CAPE while M c is a M critical value of CAPE set at 3000 J kg Ϫ1 . A limitation parameter ⑀, to which a tiny value of 0.1 is given, shows that not all the available moist energy is converted to the cumulus heating. The basic-state CAPE and e c are shown in Fig. 2 . The CAPE has a broad maximum in the entire Tropics except for the Pacific and Atlantic cold tongues (Fig. 2a) . The maximum resides in the Southern Hemisphere because we chose the northern winter as the basic state. The convective efficiency follows the distribution of CAPE, confining cumulus convections to the Tropics except for the western North Pacific and Atlantic where baroclinically unstable flow can result in a weak convective rainfall (Fig. 2b) . It should be noted that e c plays a minor role in determining a forced dynamical-convective response; therefore, results are similar to e c ϭ 1 everywhere (not shown).
The source of convective anomalies is the sensible and latent heat release at the surface. They are provided by the respective linearized form of the bulk formula:
where the subscript ''0'' stands for the value at the model lowest level, that is, ϭ 1.0, while s and are T TЈ s the basic-state and perturbation SST, respectively. The bulk coefficients C h and C e are calculated with basicstate quantities, following Louis (1979) . We assume that the PBL is thin enough, so that and are uniformly QЈ QЈ h e given in the PBL. The surface wind speed is indicated by 0 and in Eqs. (14)- (15), with the perturbation where we set the minimum of | 0 | at 2.5 m s Ϫ1 to W avoid singularity near the border between the surface easterly and westerly in the basic state. Here e rep-␤ resents an evaporation efficiency, which is always 1 over oceans while it takes various values over land depending upon the soil moisture g . In this study, e is fixed at W ␤ 0 over land for simplicity. In addition, perturbation in the evaporation efficiency , which is a function of ␤Ј e and has nonzero value only over land, is also set to WЈ g 0 since the model does not yet include a prognostic equation for . As a result, the current scheme lacks WЈ g an atmosphere-land coupling in terms of latent heat exchange, which is further discussed in section 6. Nevertheless, this caveat is not likely to affect results presented in the present paper since most of convective heating focused on is concentrated over the ocean. is not apparently included in the convection scheme, convective heating as well as the moisture sink is internally computed in the model in response to , which hЈ b is affected by through surface heat fluxes. While all TЈ s the equations are strictly linear with respect to perturbation, some parameters are a function of the basic state. In particular, ␥ defined by Eq. (7) varies in space and roughly controls the sensitivity of the convective response to a given SST anomaly. Note that the terms involving in Eqs. (14)- (15) represent the heat flux WЈ 0 components induced by the anomalous wind, referred to as the wind-evaporation feedback although it contains the sensible heating as well. If the surface wind anomaly forced by a positive SST anomaly counteracts the mean wind, the resultant produced by the neg-QЈ e ative helps maintain the SST anomaly. Such a feed-WЈ 0 back is known to play an important role in forming mean climate (e.g., Xie and Philander 1994) and we also examine the effect of the wind-evaporation feedback in a forced steady response in section 4c.
c. The forced steady problem in the moist LBM
A forced steady equation for the moist LBM, as well as the dry LBM, is described in a matrix form in order to distinguish the diabatic terms into internal and external components.
A steady linear response in the dry LBM is symbolically written as
where X is a vector containing perturbations for prognostic variables of Ј, DЈ, TЈ, and Ј, while F and L denote a prescribed forcing and linear dynamical operator, respectively. When we consider the forcing solely due to externally imposed, anomalous cumulus convection, Eq. (17) can be solved with a given diabatic heating as F. In the moist LBM, and in nature as well, convection anomalies internally happen in association with the atmospheric circulation anomaly. The coupled dynamical-convective system is also forced by the SST anomaly that would be varying more slowly in time. Namely, F will be a function of both X and an SST anomaly in addition to a basic state . Then it can be decom-
and F e ( , ) X X TЈ s (subscripts ''i'' and ''e'' stand for internal and external, respectively), so that Eq. (17) is rewritten using a redefinition of
Note that X in Eq. (18) now includes perturbation in the specific humidity. A linear operator X c represents internal diabatic processes and is constructed from the convectively induced heat and moisture sources, that is, Eqs. (1)- (2), and a part of the surface heat fluxes that depends on X in Eqs. (14)-(15). In the steady moist LBM expressed by Eq. (18), a prescribed forcing F e is composed by -dependent terms in linearized surface TЈ s bulk fluxes while L c X is the convective response, which has been considered the forcing in the dry LBM.
Since the rank of L and L Ϫ L c exceeds 30 000 with the resolution employed, it is hard to solve Eqs. (17) and (18) with the matrix inversion technique. Instead, we integrate the models in time to obtain the steadystate response. While the time integration fails to capture the steady response when unstable modes such as baroclinic waves dominate, the boundary layer damping of (1 day)
Ϫ1 is enough to stabilize those modes (cf. Hall and Sardeshmukh 1998), which ensures that the steadystate response can be obtained by this method. In fact, we have confirmed that steady responses by the time integration are quite similar 1 to those obtained by the matrix inversion with much lower resolution of T21 and vertical 11 levels. Both for the dry and moist linear models, the time integration is continued for up to 30 days, while the responses at day 15 are only shown in the subsequent section because the tropical response ap-
Composite differences between El Niños and La Niñas for observed winter (a) SST, (b) OLR, and (c) 500-hPa height anomalies. The contour intervals are 0.5 K, 15 W m Ϫ2 , and 20 m, respectively. Anomalies significant at the 95% level are shaded. Thick black borders in (a) indicate the area division for moist LBM experiments (see Table 1 ).
proaches the steady state approximately after day 10 or 15.
Model validation
In order to verify that the moist LBM works properly, we first focus on the in situ diabatic heating and extratropical circulation anomalies associated with ENSO. Another test of the moist LBM is performed with simpler basic states in the appendix.
In Fig. 3 , observed composite anomalies (the differences between El Niños and La Niñas) in boreal winter are shown for three quantities: SST, outgoing longwave radiation (OLR), and the geopotential height at 500 hPa. Here SST is obtained from the Met Office (Parker et al. 1995) while OLR is obtained from the National Oceanic and Atmospheric Administration (NOAA) satellites available from June 1974 to November 1998 (Liebmann and Smith 1996) . Products of the NCEP-NCAR reanalysis (Kalnay et al. 1996) are used for 500-hPa height and other atmospheric fields that will be shown later. Composites were made in reference to the Niño-3 (5ЊN-5ЊS, 90Њ-150ЊW) SST index for 1949-99 and the winter anomalies during the same period except for OLR, which has data only available after 1979. The selected El Niño (La Niña) years are 1958, 1973, 1983, 1992, and 1998 (1950, 1968, 1971, 1974, 1976, and 1989) .
These anomalies associated with ENSO are briefly documented although many aspects of them are familiar. The strongest SST warming (of maximum about 4 K) is found in the central-eastern equatorial Pacific, accompanying weak negative anomalies in the western Pacific and midlatitudes in both hemispheres (Fig. 3a) . A modest warming also occurs in most parts of the Indian Ocean, which is known to have a delay in its development relative to the El Niño cycle (e.g., Tourre and White 1995; Lanzante 1996) . In association with the SST signal in region I in Fig. 3a , there are regions of extremely enhanced convection as inferred from negative OLR anomalies (Fig. 3b) . They are surrounded by a horseshoe pattern of positive OLR anomalies to their west, north, and south. In the equatorial strip outside the Pacific, convection is suppressed except in the western Indian Ocean. The height composite is dominated by quadrapole anomalies over the North Pacific, some of which resemble the PNA teleconnection. Simultaneously, the entire Tropics is covered by weak, but quite significant positive height anomalies reflecting the tropical-wide warming.
As detailed in section 2, the moist LBM forced by a prescribed SST anomaly calculates the diabatic heating anomaly such as to balance a steady circulation response. Figure 4 presents a scatterplot of the depthaveraged heating response [denoted as ͗ ͘ following QЈ c Eq. (12)] against the SST anomaly at individual grid points in the equatorial Pacific (10ЊS-10ЊN, 170ЊE-90ЊW), together with the corresponding observed OLR anomalies. The heating is calculated in the experiment M1, in which SST anomalies in region I are given. In Fig. 4a , each red or blue dot represents the composite value for El Niño or La Niña while the orange one is the difference. Note that the SST anomaly that forced ͗ ͘ is identical to the observed composite used in Fig. QЈ c 4a. The scatter diagram for observed OLR (Fig. 4a ) reveals that El Niño and La Niña are not symmetric in terms of the anomalous heating and cooling generated by them; namely, the former is stronger than the latter. This asymmetry is likely to result from nonlinearity in the Clausius-Clapeyron equation, which leads to larger sensitivity of to the positive SST anomaly. The heatqЈ s ing anomaly diagnosed in the moist model is, however, nearly linear with respect to the phase of the SST anomaly (Fig. 4b) , which is trivial from the linear form of QЈ c moist schemes. This indicates that the moist LBM may underestimate a steady response to a large positive SST anomaly such as the 1997/98 El Niño. However, this model caveat is less clear for statistical ensemble anomalies represented by El Niño-La Niña composites (orange dots in Fig. 4) , suggesting that the linear representation of diabatic processes is acceptable for SST anomalies that are not extremely positive. Another way to verify the moist LBM is to compare the spatial structure of the heating and circulation responses with the observed heating and circulation response to it computed by the dry LBM (Fig. 5 ). For comparison with M1, the dry LBM was forced by the heating corresponding to the negative OLR anomaly over the equatorial Pacific (cf. Fig. 3b ) and the vertical profile defined by an empirical function proposed by Reed and Recker (1971) . The anomalous heating, ͗ ͘, QЈ c calculated in this way shows the maximum of about 3 K day Ϫ1 (Fig. 5a ), which excites a Rossby wave train emanating toward North America as seen in the 500-hPa height response (Fig. 5b) . In the moist LBM, ͗ ͘ QЈ c over the equatorial Pacific is much stronger and zonally elongated compared to the empirically derived ͗ ͘ (Fig.  QЈ c  5c) . Besides, anomalous cooling occurs over the regions away from SST anomalies, which must have been induced by the anomalous circulation. It is possible that the cooling anomalies are caused by enhanced subsidence of the Hadley and Walker circulations driven by the strong upward motion over the equatorial Pacific. The diabatic cooling anomaly over the subtropical Pacific and Amazon resembles the observed OLR anomalies, whereas the observed convection anomalies are not well captured over the Indian Ocean and western Pacific, which will be discussed in the next section. It is also interesting to note that the PNA-like height response is nevertheless similar to that in the dry LBM, suggesting it is robust with respect to the equatorial heating although the moist model is capable of better reproducing the wave train over the South Pacific and the position of the low pressure anomaly over the North Pacific (Fig. 5d) . The magnitude of the equatorial heating is much stronger in the moist LBM while the height responses have a similar amplitude in both models. This is due to the convective cooling response in the subtropical Pacific (Fig. 5c ) that acts to counteract the effect of the equatorial heating (see also the appendix). Overall the features of the height response in the moist LBM are at least comparable to the dry LBM, indicating the relevance of the model formulation. Note, however, that the extratropical height responses in both models are weaker than the observed composite ( Fig. 3c) and reveal a more wavelike structure. These deficiencies may arise from the absence of the transient eddy feedback (e.g., Held et al. 1989) . In fact, the anomalous eddy momentum forcing associated with Fig. 3 , computed using daily NCEP reanalysis data, is found to amplify and modify the height response toward observed anomalies over the North Pacific (not shown).
Model application: Why is western Pacific convection suppressed during ENSO?
In this section we further present steady responses diagnosed in the moist LBM that focus on the anomalous Philippine Sea anticyclone and the convective activity over the western Pacific as described in the introduction.
a. Dry LBM experiments
We first reexamine WWF's argument that the Philippine Sea anticyclone is excited by the anomalous cooling associated with suppressed convection over the Mar- itime Continent but not by the heating over the central Pacific. The validity of their argument can be addressed by means of the dry LBM with and without the cooling anomaly as prescribed forcing. Figure 6a shows the observed composite for the 850-hPa streamfunction (denoted as 850 ) anomalies associated with ENSO superimposed on the OLR anomalies that have been shown in Fig. 3b . The Philippine Sea anticyclone is found to dominate in the northwest of suppressed convection regions that also accompany a weak anticyclonic circulation anomaly over the Southern Hemisphere. The spatial phase of these anomalous anticyclones to the weakened convection does match the classic Gill pattern (Gill 1980) except for the sign being reversed. Indeed, the dry LBM forced only by the El Niño heating in the central Pacific lacks the anticyclonic responses over the western Pacific (Fig. 6b) , whereas they are realistically reproduced when the anomalous cooling was incorporated (Fig. 6c) . Note that the heating and cooling that force the dry LBM follow the observed OLR anomaly pattern and an empirical vertical function as in Fig. 5a . The 850 response in the dry LBM as well as the observed composite, shown in Figs. 6a and 6c, respectively, indicates that the Philippine Sea anticyclone is much stronger than its southern counterpart due to the anomalous cooling located slightly to the north of the equator. These results are fairly consistent with WWF and clearly show that the anomalous circulation over the western Pacific during ENSO is mainly controlled by the convective activity in the same region but not by the convection anomaly over the central-eastern Pacific, which is a direct response to El Niño/La Niña. On the other hand, one may ask whether the suppressed convection over the Maritime Continent is also an aspect of ENSO. Since the origin of this convective suppression is one of the key questions addressed in this study, it is detailed in the following sections.
b. Moist LBM experiments
There is no doubt that the anomalous heating and cooling over the central-eastern Pacific associated with El Niño and La Niña modulate the Walker, as well as Hadley, circulation. Some people discuss the possibility that the enhanced convection during El Niño brings an eastward shift in the mean Walker circulation entirely and thus weakens convections over the Maritime Continent where the climatological convective activity is quite strong. However, such an argument has not been proven and seems somewhat crude since there is less consideration of the dynamical mechanism for why and how the local convection anomaly in the El Niño region can shift the entire Walker circulation.
A possible explanation may come from the low-level momentum balance. The Rossby response to an imposed heating accompanies the equatorward flow to the west of heating. If the mean easterly is not strong enough at Fig. 7 . M1Z employs the SST forcing in the same way as M1 but uses the zonally uniform basic state (see Table  1 ). In M1Z, the low-level cyclonic response extends to the west of the date line, which in fact accompanies anomalous subsidence in its equatorward side (Fig. 7a ). While such a descent suppresses the convection as seen in the negative ͗ ͘ response (not shown), it is still far QЈ c from the Maritime Continent and furthermore confined to the off-equator. The steady response under the zonally varying basic state of M1 reveals the cyclonic anomaly and associated descent moved to the east (Fig. 7b) , which cannot affect the western Pacific convection at all.
It was thus suggested that the SST anomaly in region I (cf. Fig. 3a) alone cannot explain the convective suppression over the Maritime Continent. Another possibility that should be examined is that an additional SST anomaly in another region is necessary to suppress the convection. If this is the case, which region is important? To answer this question, we compared 850 and ͗ ͘ QЈ c responses in the most LBM experiments between M1, M2, and M3 (see Table 1 for the description). In M2, the SST cooling in the western Pacific (region II) is incorporated into the region I SST anomaly in computing the external forcing while a basinwide warming in the Indian Ocean (region III) is further included in M3.
The 850 and ͗ ͘ responses in M1 are exactly the QЈ c same as in Figs. 7b and 5c , showing neither the anticyclonic anomalies nor the anomalous convective cooling over the western Pacific (Fig. 8a) . When negative SST anomalies are added in the western Pacific (M2; Fig. 8b ), a negative ͗ ͘ response in the northern off-QЈ c equatorial region extends toward the west and a weak anticyclonic 850 response emerges farther to the west, although the amplitude is much weaker than the observations. On the other hand, M3 shows that the additional SST warming in the Indian Ocean drastically changes ͗ ͘, hence, the 850 response pattern is not only aloft QЈ c but is also over the remote western Pacific (Fig. 8c ). An anomalous convective cooling over the central equatorial Indian Ocean, which was present in M1 and M2, disappeared in M3 and even reversed to a weak heating. Convection over the western Pacific is considerably suppressed as confirmed by intensified anomalous cooling extended between 120Њ and 160ЊE. The cooling regions also accompany a narrow band of additional heating straddling northern Australia and Indonesia, which is not found in the observed OLR anomalies (Fig. 6a) . As expected from Fig. 6c , anomalous cooling strengthened in M3 has induced the Philippine Sea anticyclone and the southern counterpart with realistic amplitude.
Since M3 is forced by SST anomalies both in the Indian Ocean and western Pacific, the relative importance of these SST anomalies in weakening the convection over the Maritime Continent is evaluated by taking the difference between experiments M1, M2, and M3. Figure 9a shows the difference in ͗ ͘ and the 850-QЈ c hPa wind responses between M1 and M2, which quantifies the impact of SST anomalies in region II, while responding to the effect of SST anomalies in region III. Because the model is linear, the sum of those difference maps becomes equivalent to the response to SST anomalies in regions II and III. It is shown that the negative ͗ ͘ response to the cooling SST in the western Pacific QЈ c has a minimum around 160ЊE, which is eastward by 30Њ from the center of the observed negative OLR anomalies, and so is the anticyclonic response (Fig. 9a) . This is again consistent with an AGCM experiment by WWF, showing the anticyclonic response to the western Pacific cooling of SST shifted more eastward than expected (cf. their Fig. 13a ). The ͗ ͘ response to the Indian Ocean QЈ c warming reveals negative minima in the off-equatorial western Pacific around 130ЊE, which is closer to observations (Fig. 9b) . While ͗ ͘ in Fig. 9b has some QЈ c deficiencies, such as an unrealistic heating anomaly around 110ЊE and the western Pacific cooling anomaly split into two off-equatorial minima unlike the observed OLR composite, the comparison with Fig. 9a indicates that the Indian Ocean SST anomalies affect the convection and circulation anomalies over the western Pacific as much as or stronger than the local SST cooling.
As mentioned in the introduction, the Philippine Sea anticyclone is associated with the northward advection of warm air that contributes to the warmer winter over East Asia during El Niño. Such a situation is clearly identified in the ENSO composite for observed temperature and wind anomalies at 850 hPa (Fig. 10a) . Along the northwestern edge of the anticyclonic anomalies there is a strong southwesterly wind that is in phase with the warmest temperature anomaly. The moist LBM captures some of these low-level anomalies when forced by SST anomalies in the whole tropical Pacific and Indian Ocean basins, that is, M3 (Fig. 10b) . The position of the southwesterly wind coincides with the maximum temperature response as in observations while they are slightly shifted southward. Note that the warm temperature anomaly in Fig. 10a covers most of East Asia including eastern China, Korea, and Japan, while that diagnosed in the model is confined to the south of 30ЊN, and an even cooling response dominates to the north, suggesting that the effect of tropical SST forcing can reach the subtropics but not the midlatitudes over East Asia. Of course, another possibility is that the model inaccuracy and incompleteness result in the disagreement of the temperature response with observed anomalies.
A significant impact of the Indian Ocean warming in suppressing the western Pacific convection can be interpreted in terms of changes in the Walker circulation. To understand it, we showed in Fig. 11 the equatorial (10ЊS-10ЊN) pressure vertical velocity () responses in M1 and M3 together with the corresponding SST anomaly. In M1, the response depicts large negative values in the eastern Pacific where the positive SST anomaly is given (Fig. 11a) . This strong ascending motion is compensated by weak descent in all the other longitudes. The subsidence is especially strong to the east of the ascent. This is reasonable since the anomalous vertical motion associated with a Gill-like response will dominate to the east (west) of heating in the equatorial band (off equator) in association with the center of a forced Kelvin (Rossby) wave. The descent found over 50Њ-80ЊW is, however, stronger than that expected from the Gill response. This is attributed to a coupling between dynamics and convection as further described in the appendix. In M3, in addition to the ascending motion in the eastern Pacific, which remains the same, another ascending branch occurs in the Indian Ocean (Fig. 11b) . Since the ascending response is largely compensated by a subsidence to the east as in M1, the descent in the western Pacific is preferably enhanced, which appears to be responsible for the convective suppression found in Fig. 8c . There is another reason why the Indian Ocean warming can be effective in weakening convection over the Maritime Continent. As mentioned in section 2b, the sensitivity of convection anomalies roughly follows
FIG. 11. Steady response over the equatorial strip 10ЊS-10ЊN in (a) M1 and (b) M3. The contour interval is 2 ϫ 10
Ϫ4 hPa s Ϫ1 and the descending area is shaded. SST forcing averaged over the same strip is also shown at the bottom of (a) and (b). ␥, which is a function of the basic state. Because ␥ is the largest over the warm pool region, convection would be sensitively suppressed in response to the descent forced remotely by the SST anomalies to the west of warm pool (i.e., the Indian Ocean). The appendix presents further results for the above process.
c. Wind-evaporation feedback
A comparison between M1 and M3 indicates the importance of Indian Ocean SST anomalies for the development of the Philippine Sea anticyclone. At the same time it is shown that the local sea surface cooling contributes as well (cf. Fig. 9a ). Since the negative SST anomaly is located under the eastern half of the anticyclone, an anomalous northeasterly wind would accelerate the trade wind then further cool the ocean surface. This forms a positive wind-evaporation-SST feedback first postulated by WWF, which may explain the persistence of the Philippine Sea anticyclone if it really works. The moist LBM explicitly involves such a feedback as explained in section 2c, so that it will be worth examining whether the positive feedback is at work. For this purpose, another diagnosis was made with the SST forcing as in M3 but without the wind-evaporation feedback terms (M4; see Table 1 ).
Shown in Fig. 12a is the difference in surface wind and the surface diabatic heating responses between M3 and M4, in which the heating is converted to the thermal forcing for SST. The most conspicuous difference in the wind response is found over the northern Tropics where an anomalous northeasterly blowing though the magnitude is less than half of the actual response in M3. It certainly happens that the northeasterly anomaly strengthens the wind speed in conjunction with the background trade wind, then produces a net cooling for local SSTs through enhanced evaporation. The difference field also shows a positive thermal forcing at the surface along the Southeast Asian coast, which would contribute to the SST warming there. The overall pattern in the heating difference shown in Fig. 12a is an east-west dipole in the northern tropical western Pacific, which has some similarity to the SST anomaly pattern that forced the steady responses (Fig. 12b) . This resemblance reinforces that the positive wind-evaporation-SST feedback is a relevant process working in the western Pacific, as proposed by WWF. Simultaneously, however, the 850 and ͗ ͘ responses in M4 reveal the anomalous QЈ c cooling over the western Pacific and the Philippine Sea anticyclone, both of which are quite similar to those in M3 (not shown). This implies that the wind-evaporation feedback is not crucial for the development of those anomalies but seems to help them last for a longer time.
Observational analysis
In the previous section, results of the LBM diagnosis have been presented and compared to observed composites for ENSO. The major finding was that the modest warming of the Indian Ocean may have considerable impact in setting up the anomalous convection and circulation over the western Pacific. Here we come back to further look at observational data in order to seek evidence that supports the above hypothesis.
For that purpose, a lagged composite is made for monthly 850 , 500 , and SST anomalies. The composite is again based on the Niño-3 SST and the lag is taken 1 yr before and after the mature January of El Niño/La Niña. Figure 13a depicts a time series of the lagged composite anomaly for 850 averaged over 0Њ-20ЊN and 100Њ-140ЊE, which covers the Philippine Sea anticyclone (see the map shown in the top right). As noted by Harrison and Larkin (1996) and WWF, the Philippine Sea anticyclone rapidly develops around October then persists beyond the next spring with gradual decaying (Fig. 13a) . It is interesting to compare this evolution with the 500 anomaly obtained in a similar manner but averaged over the western Indian Ocean (Fig. 13b) . The 500 anomaly keeps a positive value until October before the El Niño mature season, then changes to be negative, lasting into the next February. The transition from a positive to a negative anomaly, corresponding to the reversal from descent to ascent, appears as rapid as that in 850 . This coherent development of the anticyclonic and ascending anomalies suggests the relevance of our hypothesis referred to at the beginning of this section. On the other hand, the positive 850 anomaly exists even after the negative 500 anomaly decayed. This is also reasonable when we interpret such persistence to be a result of the positive atmosphere-ocean feedback in the western Pacific as described by WWF and in section 4c.
Considering the response in M1 and M3 (cf. Fig.  11 ) and the observed time evolution shown in Fig. 13 , we speculate that the Indian Ocean warming occurred around October. To verify this, the lagged composites for 500 and SST anomalies averaged in the equatorial strip (10ЊS-10ЊN) are plotted in Fig. 14. Over the central Pacific, an anomalous ascending motion starts developing around April of Yr(0) (i.e., the year before mature El Niño) concurrent with the SST warming associated with El Niño. In the Indian Ocean, however, the SST anomaly during this period is quite weak, then gradually develops around October. As indicated in Fig. 13b , the 500 anomaly rapidly changes sign over the western Indian Ocean in October (Fig. 14a) , which corresponds to the time when the underlying SST anomaly reaches ϩ0.5 K. The El Niño SST anomaly still grows after October of Yr(0) while the Indian Ocean SST anomaly retains nearly the same magnitude (Fig. 14b) . The lagged warming of the Indian Ocean as seen in Fig. 14b has already been reported by many researchers and the mechanism is discussed as well (Klein et al. 1999; Lau and Nath 2000) , but this is beyond the scope of this study. It should be noted that the evolution of the Indian Ocean SST anomaly is smoother than that of the 500 anomaly, which shows a much more rapid transition, suggesting that nonlinearity between convection and SST has a role; namely, convection over the Indian Ocean may suddenly become active when SST exceeds a certain threshold as postulated by Gadjil et al. (1984) and Graham and Barnett (1987) . Such a possibility should be kept in mind although we cannot discuss it further at present.
The lagged composites shown in Fig. 14 support our thought that the delayed warming of the Indian Ocean seems to explain the development of the anomalous ascending motion aloft and the Philippine Sea anticyclone, both taking place in October. This also implies that M1 (or M2) and M3 presented in section 4 roughly correspond to the situation before and after October of Yr(0). Figure 14 gives another suggestion that further supports our idea. The western Pacific SST starts cooling around April of Yr(0), roughly the same time as the eastern VOLUME 16
14. As in Fig. 13 , but for (a) 500 and (b) SST anomalies both averaged over 10ЊS-10ЊN. The contour intervals are 1 ϫ 10 Ϫ4 hPa s Ϫ1 and 0.5 K, with the shading indicating ascending in (a) and SST anomalies greater (less) than ϩ0.5 (Ϫ0.5) K in (b), respectively. Pacific warming, although the former reaches its peak earlier than the latter. This is not surprising because the cooling signal is probably a part of El Niño itself (Wang et al. 1999 ). On the other hand, the corresponding 500 anomaly is weak in that period even though it does exist, then it becomes rapidly intensified around October, which is again in phase with the reversal in the Indian Ocean 500 anomaly.
Summary and discussion

a. Diagnoses for the ENSO tropical teleconnection
We have developed a linear baroclinic model in which the dynamics is coupled with active cumulus convection and surface heat fluxes, called the moist LBM in this study. The model solves the forced steady response of the coupled dynamical-convective system to a prescribed SST anomaly, leading to the response that often accompanies diabatic heating anomalies not only over the SST anomaly but also over remote regions.
Before we discuss model caveats and a possible direction toward which the model can be further developed, results of its application to the ENSO teleconnection over the western Pacific are summarized. Particular attention was paid to understanding the formation mechanism of the Philippine Sea anticyclone that links El Niño with the Asian winter monsoon. Consistent with WWF, we confirmed using the conventional dry LBM that the anticyclonic anomaly can be interpreted as a Rossby response to the anomalous diabatic cooling that was due to suppressed convection over the Maritime Continent. Then, to clarify why the convection is suppressed over the region, we diagnosed the dynamicalconvective response in the moist LBM forced by ENSOrelated observed SST anomalies in various regions (cf. section 4). We found that Indian Ocean SST anomalies, as well as the SST anomalies in the equatorial Pacific, are relevant in weakening the western Pacific convective activity, as schematically illustrated in Fig. 15 .
In Fig. 15 (top), the anomalous Walker circulation revealed in the model response is presented in association with the warming in the eastern equatorial Pacific. As in observations, convection is greatly enhanced over the central tropical Pacific and the resultant heating anomaly excites a pair of low-level cyclonic responses over the subtropics, which accompanies Rossby wave trains toward higher latitudes. The anomalous heating is balanced by strong upward motion, compensated by weak subsidence in all the other equatorial regions. The strong ascent in the equatorial Pacific also accompanies descent, hence, diabatic cooling, to its north and south, which appears to weaken the extratropical circulation response, as described in section 3. In our diagnosis, however, the El Niño warming alone did not preferentially suppress convection over the western Pacific.
When a modest warming of the Indian Ocean is incorporated into the SST forcing, the response of the Walker circulation as well as the anomalous convection is modified as shown in Fig. 15 (bottom) . The convective activity is now enhanced over the Indian Ocean although it is not stronger than that in the central Pacific. It yields another ascending branch in the anomalous Walker cells, in turn reinforcing the subsidence between the two ascents, namely, over the western Pacific. The descent is amplified through an interaction with convection that results in diabatic cooling (cf. the appendix), then the Philippine Sea anticyclone is excited by the convective cooling coupled with the intensified descent.
Since the Indian Ocean SST starts rising several months behind the development of El Niño, the two response patterns illustrated in Fig. 15 can also be interpreted as those from a different phase of the ENSO evolution. Observed composites presented in section 5 show that the rapid development of the Philippine anticyclone is concurrent with a reversal of the vertical motion over the western Indian Ocean, which are both found in October. Thus, the anomalous circulation patterns are close to the top (bottom) panel of Fig. 15 before (after) October prior to the mature El Niño. On the other hand, the Indian Ocean warming is perhaps a delayed response to El Niño through changes in the surface net heat flux, in particular the latent heat and shortwave radiation (Klein et al. 1999; Lau and Nath 2000) . The shortwave anomaly, that is, increased solar insolation, is argued to result from a reduction in the cloud cover. This also coincides with our moist LBM diagnoses M1 and M2 indicating suppressed convection over the tropical Indian Ocean (Figs. 8a and 8b ) that ought to result in less convective clouds when the Indian Ocean is yet warming. Considering these arguments, processes presented in Fig. 15 may be regarded as a lagged, remote feedback of the coupled atmosphere-ocean system in the Pacific and Indian Ocean basins.
Another process that is not emphasized in Fig. 15 is an effect of the weak SST cooling in the western Pacific on the Philippine Sea anticyclone. The sea surface cooling was also capable of suppressing in situ convection, hence forcing the anticyclonic circulation anomalies (cf. Figs. 8b and 9a ) that appear to enhance the initial SST anomaly via the positive wind-evaporation feedback. These processes have been depicted by WWF and therefore our results reinforce WWF's argument. However, in the present diagnosis the impact of local SST cooling on the western Pacific convection was not as strong as the Indian Ocean warming (Fig. 9 ) and the positive airsea feedback was not crucial, at least for the development of the anomalous convection and circulation over the western Pacific.
Our hypothesis can be verified by hindcast AGCM experiments forced with observed SST anomalies in the Pacific but with and without Indian Ocean SST anomalies. While a number of studies have been performed to carry out an AMIP (Atmospheric Model Intercomparison Project)-type hindcast run (Kitoh 1992; Ju and Slingo 1995; Sperber and Palmer 1996; Goswami 1998; Meehl and Arblaster 1998) , few of them performed an additional AGCM run without Indian Ocean SST anomalies to compare the response fields. Recently, however, Farrara et al. (2000) , who examined circulation anomalies during the 1997/98 El Niño by means of an AGCM ensemble, showed that Indian Ocean warming is responsible for a Rossby wave source over Southeast Asia, hence, it is significant in affecting the extratropical circulation anomalies during ENSO. Su et al. (2001) also found in their simplified AGCM that the western Pacific convection associated with the 1997/98 El Niño was suppressed by the local cooling and Indian Ocean warm-
ing but not by the strong El Niño warming in the eastern equatorial Pacific. Both of their results are consistent with our hypothesis in terms of the role of the Indian Ocean and the western Pacific SST anomalies in the ENSO teleconnection. On the other hand, in a series of intriguing GCM experiments that explored the impact of El Niño on the Asian monsoon and the atmosphereocean system in the Indian Ocean, Lau and Nath (2000) simulated the Philippine Sea anticyclone realistically even with the tropical Pacific SST anomaly alone. If this has been due to negative SST anomalies in the western Pacific, the relative impact between Indian Ocean warming and in situ cooling on the western Pacific convection might be model-dependent.
b. Toward future model development
The moist LBM is still being developed, although it already involves the core of diabatic processes. One of caveats in the current moist model is the lack of surface evaporation anomaly over land as mentioned in section 2c. Because of the small heat capacity, surface temperature cannot be prescribed over land, hence, it should TЈ s be determined via the balance among surface heat budgets. Besides, an anomaly of soil moisture is required for the accurate estimate of the anomalous heat fluxes over the land area. A possible way to solve this problem is to couple a simple land surface model with the moist LBM. It may enable us to apply the model to phenomena in which the diabatic heating over continents is of importance (such as the Asian summer monsoon).
More progress will be made by incorporating diabatic heating associated with stratiform clouds into the model, which will be complemented by using a linearized scheme for the large-scale condensation. Since stratus rainfall dominates over the midlatitude ocean, such an extension may allow the moist LBM used to examine the atmospheric response to extratropical SST anomalies. This issue is still quite an attractive problem, but it would additionally necessitate parameterizing feedbacks from transient disturbances as well since previous works suggest the importance of transient eddy feedback in determining the atmospheric response to midlatitude SST forcing (e.g., Peng and Whitaker 1999; Watanabe and Kimoto 2000) .
The moist LBM described in this study is the first step in the advanced application of the linear atmospheric modeling that we have been working toward. In the present paper we used this model to examine the atmospheric teleconnection associated with ENSO, but the model may be applied to wider issues when we include some other physical processes as discussed in the previous section. Apart from the forced steady problem, an exploration of free modes of the coupled dynamical-convective system will also be an interesting challenge, in particular, if the moist LBM was coupled to a simple, linear ocean model. Some of these projects are currently ongoing.
The reason why convection is suppressed over the western Pacific during El Niño has been explained as simply a consequence of the eastward shift in the Walker circulation. However, it turned out from our moist LBM diagnoses that the actual processes are not so simple, although there is no doubt that El Niño causes them. The mechanism for the convective suppression over the western Pacific may involve the atmosphere-ocean system in the Indian Ocean, and therefore, it suggests that the prediction of the East Asian climate associated with ENSO can be improved by means of a coupled model that can simulate a coupled atmosphere-ocean response in the Indian Ocean to El Niño. The possibility that we postulate here should be carefully verified.
APPENDIX
Some Simple Solutions in the Moist LBM
To further test the ability of the moist LBM and to help understand why the Indian Ocean warming can be effective in suppressing the western Pacific convection (cf. section 4b), it may be useful to consider the moist LBM response with a simplified situation.
a. Comparison with Gill's response
Here we linearize the model about a state of rest. In the basic state, the surface pressure is fixed at 1000 hPa while the vertical profiles for temperature and specific humidity are taken from the annual mean state of the NCEP reanalysis averaged over the Tropics. The basicstate SST is assumed to be 3 K warmer than 0 , the T lowest-level temperature. Note that other parameters are kept the same as those described in section 2.
We compute the steady response for an elliptic patch of positive SST anomalies with the zonal (meridional) scale of 60Њ (25Њ) centered on the equator and 180Њ. For the maximum SST anomaly of 1 K the convective heating of about 1.6 K day Ϫ1 occurs at ϭ 0.55 in the moist LBM (not shown). Steady responses in the lowlevel wind and midtropospheric height fields (Fig. A1a) reveal that the equatorial Kelvin wave is elongating to the east while rotational (Rossby) components are to the west of the imposed SST anomaly. The zonal scale of the Rossby response is about one-third of the Kelvin wave response, consistent with the respective phase speed, and, therefore, the equatorial westerly associated with the former is stronger than the easterly related to the latter. In the moist LBM, convective heating (cooling) is roughly balanced by the upward (downward) motion, so that the response along the equator (Fig.  A1b) implies that the strong convective heating generated over the SST forcing accompanies a weak cooling to the east around 145ЊW. While the diabatic cooling that is associated with the Kelvin wave is found at the equator, cooling associated with the Rossby wave also appears in the off-equatorial latitudes (not shown), which is produced by the Sverdrup balance as discussed in section 4b.
These moist model responses are compared with Gill's (1980) response as computed by the dry LBM forced by a prescribed heating (Figs. A1c,d ). Note that the heating is derived from the corresponding moist LBM diagnosis, without cooling in adjacent regions. The horizontal structure of the response is similar to that obtained in the moist LBM, except for the magnitude of height response being larger in the dry model (Fig. A1c) . Along the equator, the ascending motions are nearly identical in both models since they are balanced by the same heating while the descent to the east is not prevailing in the adiabatic solution (Fig. A1d) . We confirmed that the steady response in the dry LBM becomes roughly the same as the moist LBM response when the convective cooling is incorporated into the prescribed forcing. The difference between the convectively coupled (i.e., moist LBM) and uncoupled (i.e., dry LBM) response may be interpreted as different balances in the thermodynamic equation. In the uncoupled response, weak downward motion excited in regions outside of the imposed heating is balanced by the adiabatic warming, which leads to a relatively large geopotential height response (Fig. A1c) . In the coupled response, however, such a descent is preferred by the convective suppression, hence, diabatic cooling, resulting in the thermodynamic balance between the vertical advection and diabatic cooling. This explains why the height response in the moist LBM is weaker than that in the dry LBM. Since the descent to the east of heating is clearly amplified in the moist model (Fig. A1b) , the diabatic cooling induced by the descent acts to enhance the downward motion at least in the present model configuration.
b. Steady responses under the mean Walker circulation
The steady response, especially the vertical motion, may be affected by the zonal asymmetry in the basic state. To investigate the extent to which the zonally varying basic state modulates the structure of the steady response, we introduce an idealized Walker circulation into the basic state. It is obtained by solving Eq. (18) under the resting basic state and with a SST forcing having the zonal wavenumber-1 pattern and meridional width of 60Њ centered on the equator and 180Њ (cf. Figs. A2b,c). The SST forcing is also incorporated into the basic-state SST. The moist LBM is again linearized about this nonzonal basic state, then the steady solutions are computed for the SST forcing used in Fig. A1a . Figure A2 illustrates the equatorial response for the positive SST forcing located on different longitudes: over the warm pool (Fig. A2a) , and western and eastern sides of the warm pool (Figs. A2b,c) . The position of SST anomaly relative to the basic-state SST is also shown at the bottom of each panel. Note that the convective heating/cooling response is nearly proportional to the response. When the SST anomaly is at the same longitude as the mean warm pool (Fig. A2a) , the upward motion over the SST anomaly is enhanced by 50% compared to to the SST anomaly given to the western and eastern edges of the mean warm pool are not the same (Figs.  A2b,c) . The descent east of the strong ascent is intensified (weakened) in the former (latter) case. This result indicates that the presence of the zonal asymmetry in the basic state does affect the strength of vertical motion, and hence, convective response. In this simple example, most of changes in the response can be interpreted as a consequence of the zonally varying sensitivity of convective response. As mentioned in section 2b, the sensitivity roughly follows ␥, which is larger when the basic-state SST is warmer. When the SST anomaly is located to the west of the warm pool, the descent associated with the Kelvin wave occurs over the warm pool where convection sensitively reacts to the descent, leading to the descent amplified as in Fig. A2b . A zonal phase relationship between the Indian Ocean warming and the convective suppression over the Maritime Continent (Fig. 11b) appears to match the situation found in Fig. A2b , which may further support that the anomalous SST in the Indian Ocean could have an impact on the convective activity over the western Pacific.
